Introduction
As the primary signal conduit in neurons, axon fibers are on average 20,000 times larger than the cell body in length and total surface area (Friede, 1963) . When the normal functions of this neuronal compartment are compromised by various insults such as trauma, blockade of axonal transport, or chemical toxic ity, distinct morphological and molecular changes known as Wallerian degeneration result in cytoskeletal disassembly and granular degeneration of the axon distal to the injury site. This is followed by breakdown of the blood-brain barrier and infil tration of reactive glial cells to aid the removal of axonal and myelin debris (Fig. 1; Waller, 1850; Griffin et al., 1995; Vargas and Barres, 2007) . Delaying axon degeneration prevents the progression of these subsequent glial events, suggesting that physical breakdown of the axonal cytoskeleton is required to trigger surrounding glial reactivation during Wallerian degenera tion (Lunn et al., 1989; George and Griffin, 1994) .
In many neurodegenerative diseases, prominent axonal pathology often precedes cell body loss in the form of "dying back," in which axons from the synaptic regions gradually degenerate toward the cell body. Despite differences in the rate of degeneration, this process mirrors many morphological fea tures of transected nerves, including axonal swelling, micro tubule disassembly, and eventual fragmentation of the axonal cytoskeleton (Cavanagh, 1964; Griffin et al., 1995) . Further more, molecular manipulations to delay the degeneration of severed axons also attenuate the progression of clinical patholo gies in animal models of peripheral motor neuropathies, multi ple sclerosis, ischemic stroke, and glaucoma (Sagot et al., 1995; Ferri et al., 2003; Samsam et al., 2003; Kaneko et al., 2006; Howell et al., 2007 ; Meyer zu Horste et al., 2011; Verghese et al., 2011) , indicating that similar mechanisms regulate axon loss in both acute injuries and chronic diseases. Therefore, understanding the mechanisms of nerve degeneration in simple traumatic injuries allows us to model how axons are lost in more complex neurodegenerative conditions. Much of our understanding into the nature of axon de generation has come from imaging studies and pharmacological disruption of the process, but also from studying the Wallerian degeneration slow (WldS) mutation, which robustly delays de generation of the distal axon from a variety of injuries including nerve transection (Lunn et al., 1989) and chemotoxic insults (Wang et al., 2001) . Expression of the WldS gene product alone is sufficient to confer axon protection to wildtype neurons (Mack et al., 2001) , and the ability of severed WldS axons to survive for weeks even after the cell bodies have degenerated (Deckwerth and Johnson, 1994) is evidence that axon degenera tion involves mechanisms distinct from those that govern neuro nal cell body death (Raff et al., 2002) . This significant delay also provides an opportunity to study the mechanisms that regulate axon survival and degradation in wildtype neurons. However, distinction should be made between Wallerian axon degenera tion after nerve injuries and axon pruning that occurs normally during development. Although several downstream molecules are shared, separate mechanisms control each event as WldS expression delays injuryinduced axon degeneration but not axonal pruning (Hoopfer et al., 2006) . The molecular pathways involved in developmental axon pruning are covered extensively in other excellent reviews (Low and Cheng, 2005; Luo and O'Leary, 2005; Saxena and Caroni, 2007) . Interestingly, WldS expression does prevent the pruning of dendrites in Drosophila Axon degeneration is a characteristic event in many neurodegenerative conditions including stroke, glaucoma, and motor neuropathies. However, the molecular pathways that regulate this process remain unclear. Axon loss in chronic neurodegenerative diseases share many morphological features with those in acute injuries, and expression of the Wallerian degeneration slow (WldS) transgene delays nerve degeneration in both events, indicating a common mechanism of axonal self-destruction in traumatic injuries and degenerative diseases. A proposed model of axon degeneration is that nerve insults lead to impaired delivery or expression of a local axonal survival factor, which results in increased intra-axonal calcium levels and calcium-dependent cytoskeletal breakdown.
cytoskeleton distal to the injury site (Lubińska, 1982; Griffin et al., 1995) . These sequences of events are quickly completed by 24-48 h in vivo (Lubińska, 1977; George and Griffin, 1994 ) and 12-24 h in vitro in rodent axons (Glass et al., 1993; Araki et al., 2004; Wang et al., 2005) . However, altering physiological condi tions up to a few hours after injury, such as by lowering ambient temperature and reducing extracellular calcium levels or by ge netically expressing the WldS transgene, significantly prolongs the latency period, during which the injured axons remain in a vul nerable but functional state Tsao et al., 1999; Conforti et al., 2000) . Therefore, identifying the underlying molecular events during the different morphological phases may reveal specific targets to delay or even rescue axon degeneration.
Phase I: Acute axon degeneration
It was previously thought that transected axons are structurally dormant from the time of injury until the onset of axonal frag mentation. However, recent in vivo realtime imaging studies (Schoenmann et al., 2010; Tao and Rolls, 2011) , suggesting that developmental remodeling of dendritic, but not axonal arbors involves processes akin to Wallerian degeneration. Here we focus on recent understanding of the molecular events that occur in the axon after injury, and suggest a model to explain how these events orchestrate the axonal selfdestruction program.
A molecular time course of axon degeneration
Previous studies examining the sequence of events in tran sected axons, the simplest model of axon degeneration, reveal at least three morphologically discernible phases (Fig. 1) . These consist of an acute degeneration stage that affects both the prox imal and distal stumps of the axon immediately upon injury (Kerschensteiner et al., 2005) , a latency period in which the distal axon remains morphologically intact and electrically excitable for brief periods (Tsao et al., 1994) , and an abrupt granular degenera tion phase involving the rapid fragmentation of the entire axonal Figure 1 . Course of Wallerian axon degeneration. As early as 5-30 min after nerve injury, the axonal segments proximal (left) and distal (right) to the injury site exhibit short-distance acute axon degeneration (AAD), an event that is principally mediated by extracellular Ca 2+ influx and activation of the intracellular Ca 2+ -dependent protease calpain. This event is followed by a slower axonal retraction and formation of axonal bulbs at the injury sites (arrowheads). For the next 24 to 48 h after injury there is a period of relative latency in which the distal axon remains morphologically stable and electrically excitable. Although beading occurs along the distal axon at irregular intervals, there are few signs of physical fragmentation. At more than 72 h after injury, rapid fragmentation and cytoskeletal breakdown occur along the full length of the distal axon, followed by increased glial (consisting primarily of astrocytes, macrophages and, in the PNS, Schwann cells) influx to clear axonal remnants (blue circles) and to possibly promote regenerative attempts by the proximal axon.
is only correlative, we surmise that such bimodal rise of Ca 2+ in the axon may underlie the separate stages of axon degeneration in AAD and Wallerian degeneration. Experiments addressing whether specifically blocking AAD affects the progression of subsequent axon degeneration, such as by chelating Ca 2+ or re versibly blocking Ca 2+ channels only within the immediate minutes after axotomy, will help elucidate the mechanistic rela tionship between AAD and Wallerian degeneration.
Phase II: Latency in the distal axon
In contrast to the proximal stump, which begins to produce axoplasmic sprouts toward the lesion site only a few hours after axotomy (Kerschensteiner et al., 2005) , the distal axons exhibit a period of structural quiescence after AAD, though these axons are still capable of physiological functions. For in stance, severed axons of motor neurons retain their ability to conduct action potentials up to 24 h after injury in vivo, though the evoked potentials and conduction velocity progressively decay (Moldovan et al., 2009 ). Additionally, both anterograde and retrograde transport activities continue in the distal axon (Smith and Bisby, 1993) . What is the molecular basis of this physiological latency in the injured axon, and more impor tantly what triggers the abrupt transition from this phase to rapid, irreversible physical degeneration? We examine the mo lecular events that have been shown to modulate the duration of axon survival, and discuss their roles as potential triggers for the switch to axonal degradation.
Increased intra-axonal calcium. As an early and critical event in AAD, intraaxonal rise in Ca 2+ levels is also necessary and sufficient for the subsequent Wallerian de generation of the distal axon. Culturing neurons in a reduced calcium environment by switching to low Ca 2+ media (below 200uM) or chelating external Ca 2+ with EGTA robustly delays axon degeneration for 4 d after axotomy, whereas adding Ca 2+ ionophores is sufficient to revert the protective phenotype and induce degeneration in uninjured neurites (Schlaepfer and Bunge, 1973; George et al., 1995) . Similar to AAD, the Ca 2+ dependent protease calpain is also activated in the distal axons from rising Ca 2+ levels after axotomy (Glass et al., 2002) ; how ever, chemically inhibiting calpain activity only delays axon de generation for 12-24 h in vitro (Glass et al., 1994; Wang et al., 2000) . The significantly weaker axonal protection from calpain inhibition alone compared with Ca 2+ chelation (Finn et al., 2000; Zhai et al., 2003) suggests that additional Ca 2+ dependent pro teases or pathways mediate the cytoskeletal breakdown in Wallerian degeneration.
What are the major causes of elevated intraaxonal cal cium after traumatic nerve injury? As the exposed axonal mem brane at the transected ends is quickly sealed by Ca 2+ dependent fusion of vesicles (Eddleman et al., 1998) , and as the highest axonal Ca 2+ levels actually occur at significant distances away from the injury site (Ziv and Spira, 1993) , the transient Ca
2+
leak from openings at the cut ends is unlikely to account for the bulk of Ca 2+ rise in the distal axon. Instead, the sources of axo nal Ca 2+ that contribute to Wallerian degeneration likely come from channelmediated Ca 2+ influx and intracellular Ca 2+ re lease from storage sites in the injured axon itself.
reveal that the injured axons are far more dynamic shortly after injury. As soon as a few minutes after axotomy, the axonal segments immediately proximal and distal to the injury site rap idly degenerate by several hundred micrometers in either direc tion in a process that lasts between 5 and 60 min (Kerschensteiner et al., 2005) . This early response to injury is followed by a slower formation of dystrophic bulb structures at the terminals of both transected ends due to accumulation of axoplasmic organelles from ongoing anterograde and retrograde transport ( Fig. 1 ; Griffin et al., 1995) .
The short, earlyonset degenerative event, termed acute axonal degeneration (AAD), has been observed in both dorsal spinal sensory and optic nerves in vivo (Kerschensteiner et al., 2005; Knöferle et al., 2010) . Channelmediated influx of extra cellular Ca 2+ is critical for initiating AAD, as Ca 2+ channel blockers prevent the early intraaxonal rise in Ca 2+ and attenuate the progression of AAD. Moreover, addition of Ca 2+ ionophores significantly increases the number of injured axons undergoing AAD (Knöferle et al., 2010) .
The primary mechanism by which Ca 2+ leads to cytoskele tal breakdown in AAD is via Ca 2+ dependent activation of the serinethreonine protease calpain, which is capable of cleaving axonal neurofilament and microtubuleassociated components such as spectrin and tubulin (Billger et al., 1988; Johnson et al., 1991) . Increased calpain cleavage of spectrin occurs as early as 30 min after injury in vivo (Kampfl et al., 1996) , corresponding to the onset of AAD. Other degradative processes such as au tophagy are also triggered by the initial Ca 2+ influx after axotomy (Knöferle et al., 2010) and may contribute to the severity and duration of axon loss in AAD. However, chemical inhibition of calpain fully abrogates this short distance degeneration at the severed ends of spinal cord axons (Kerschensteiner et al., 2005) , indicating that calpain activity is the primary effector of AAD.
What is the purpose of AAD, and does it contribute to sub sequent Wallerian degeneration of the entire distal axon? Earlier studies suggest that calpainmediated proteolysis of neurofila ments aid in cytoskeletal restructuring and formation of growth cones in regenerating axons (Spira et al., 2003) . Furthermore, the space created by this shortdistance axon degeneration may enable glial proliferation at the lesion site and provide a more permissive environment for regeneration of the proximal axon. Thus, AAD may be the principal mechanism by which injured proximal axons are lost to allow neurite regrowth.
However, whether AAD affects degeneration of the distal axonal segment is less clear. Expression of the WldS transgene, which delays Wallerian degeneration, also prevents the onset of AAD (Kerschensteiner et al., 2005) , suggesting that the two events may share a common mechanism. Where the events converge is not completely understood, although increased Ca 2+ influx and Ca 2+ dependent activation of proteases are critical in both processes Knöferle et al., 2010) . Moreover, measuring Ca 2+ levels in the distal ends of transected nerves reveals distinct phases of Ca 2+ elevation involving an initial Ca 2+ wave front that propagates anterogradely from the injury site within seconds after axotomy (Ziv and Spira, 1993) , followed by a slower rise in Ca 2+ throughout the axon that oc curs hours later (LoPachin et al., 1990) . Although the evidence ER in the soma (Merianda et al., 2009 ) and contains significant Ca 2+ deposits (Henkart et al., 1978) , suggesting that additional Ca 2+ may be specifically stored and released from these endo membranous organelles in the axon. Further evidence of physi cal exchange of Ca 2+ between the ER and mitochondria at regions of high Ca 2+ concentration (Rizzuto et al., 1998) stores, which overwhelms the endogenous buffering capacity and results in catastrophic rise of Ca 2+ levels in the axon (Fig. 2) . Is rising axonal Ca 2+ concentration an early trigger to acti vate the degeneration program after injury, or an effector of more upstream signaling events? Recent evidence suggests that the latter is more likely to be the case. Events similar to Wallerian axon degeneration also occur in genetic mutants such as pmn that are impaired in axonal transport (Martin et al., 2002) , where there is an absence of direct trauma and where the source of Ca 2+ influx into the axon is not apparent (Coleman, 2005) . Moreover, exogenous addition of Ca 2+ is sufficient to abolish WldSmediated axonal protection (Glass et al., 1994) (Lubińska, 1982; Coleman, 2005) . There is recent evi dence supporting both hypotheses.
Consistent with the "death signal" hypothesis, recent re ports implicate a network of kinases that promotes axonal de generation after nerve injuries. For instance, lossoffunction mutations in mammalian DLK or its Drosophila homologue wallenda, a member of the mitogenactivated kinase kinase Indeed, it was previously shown that Ltype, but not Ntype calcium channel blockers significantly delay axon degeneration for 4 d after axotomy , indicating that Ca 2+ influx is required for the progression of Wallerian degeneration and is mediated by ionspecific channels. However, the signal or driving force that promotes Ca 2+ entry into the injured axon is less well defined. Several reports suggest that decreased activity of Na + /K+ ATPase due to energy failure or mechanical disrup tion of surface membrane from nerve injuries leads to initial Na + influx through tetrodotoxin (TTX)sensitive Na + channels. This then depolarizes the membrane to open voltagegated Ca 2+ chan nels as well as reverses the normal direction of Na + /Ca 2+ ex changer activity to collectively drive Ca 2+ influx (Stirling and Stys, 2010) . However, addition of TTX, which blocks the in ward Na + current and attenuates intraaxonal Ca 2+ levels (Wolf et al., 2001 ), fails to delay axon degeneration after axotomy Press and Milbrandt, 2008) , suggesting that Na + entry is not the primary signal to trigger Ca 2+ influx, or does not lead to sufficient Ca 2+ entry to initiate Wallerian axon de generation. Curiously, a decrease in intraaxonal K+ is reported to precede the rise of Ca 2+ and Na + levels in transected sciatic nerves, (LoPachin et al., 1990) , raising the possibility that loss of intraaxonal K+ potential may provide a more critical electro chemical driving force for Ca 2+ influx after nerve injuries. In addition to extracellular influx, significant sources of intracellular Ca 2+ are also sequestered in membranous organ elles (Verkhratsky, 2005) . These Ca 2+ stores are tightly regu lated by organelle efflux and uptake, but may be released in excess subsequent to extracellular Ca 2+ entry or as a direct re sponse to nerve injury. For instance, the mitochondria can buf fer cytosolic Ca 2+ through selective uniporters (Kirichok et al., 2004; Perocchi et al., 2010) , and are capable of Ca 2+ release by opening the permeability transition pore (PTP) complex when mitochondrial Ca 2+ levels rise precipitously (Rasola and Bernardi, 2007) . In fact, increasing the threshold for mitochondrial Ca 2+ release by genetically ablating cyclophilin D, a critical component of the PTP in promoting mitochondrial Ca 2+ efflux (Baines et al., 2005) , limits white matter loss in traumatic brain injury (Büki et al., 1999) and temporarily delays axon degenera tion from axotomy for up to 4 h (Barrientos et al., 2011) . More over, at least in ischemic nerve injuries, Ca 2+ is released from the ER through ryanodine and IP(3) receptors (Ouardouz et al., 2003; Nikolaeva et al., 2005) , while axotomy rapidly de pletes ER Ca 2+ stores in the proximal axon (Rigaud et al., 2009 ). In more distal axons a similar system of ERderived endomem branous tubules, collectively termed "axoplasmic reticulum" (Ellisman and Porter, 1980; Lindsey and Ellisman, 1985) , ex presses structural elements that functionally resemble the smooth transport from the soma, local degradation in the axon, or both-leads to failure to suppress a default axon degeneration program (Fig. 2) . Ubiquitin-proteasome system. Previous studies demonstrate that inhibiting the ubiquitin-proteasome system (UPS) by blocking proteasome activity prevents axon pruning during development and delays axon de generation from injury up to 3 d in vivo in mammalian nerves and 5-10 d in Drosophila axons (Zhai et al., 2003; MacInnis and Campenot, 2005; Hoopfer et al., 2006) . How does protea some inhibition protect axons, and through what mechanism does axonal injury affect ubiquitination or proteasome activity?
As the primary function of the proteasome is to regulate protein turnover, a likely explanation is that proteasome inhibi tion helps sustain intracellular levels of molecules that promote axonal survival by maintaining transport of the factor to the axon or by preventing the degradation of the molecule itself. Consistent with the first mechanism, proteasome inhibition in axotomized nerves attenuates microtubule disassembly and pre serves axonal transport by preventing the turnover of microtu buleassociated factors such as MAP1 and tau that help stabilize the microtubule network (Zhai et al., 2003) . Moreover, inhibit ing proteasome activity may also directly interfere with the deg radation of a putative axonal survival factor such as Nmnat2. Indeed, the turnover of Nmnat2 is shown to be dependent on proteasome activity as its levels in the transected axon remain high when proteasome activity is blocked . Thus, in axonal injuries where the somal supply of the factor is lost, the level of the survival factor in the axon is then solely determined by its rate of proteasomedependent degra dation, whereas proteasome inhibition helps sustain sufficient levels of the factor in the axon to delay the onset of axon de generation (Fig. 2 ).
Phase III: Granular fragmentation
The latent phase of Wallerian degeneration is followed by an abrupt switch to explosive, asynchronous fragmentation that is completed along the length of the axolemma within 1-2 h from the onset, with a rate of up to 24 mm/h in vivo and 0.4 mm/h in culture (Sievers et al., 2003; Beirowski et al., 2005) . Interestingly, focal, severe injuries such as axotomy result in a proximaltodistal direction of axon degeneration, whereas in more chronic injuries the axons degenerate from synaptic ends to the cell body in a retrograde pattern . The basis for the injurydependent differences in the direction of degeneration is not fully understood. A recent report sug gests that increased macroautophagy activity that is dependent on AKT/mTOR signaling mediates retrograde axon degenera tion in dopaminergic neurons after acute chemotoxic injury (Cheng et al., 2011) . However, whether this mechanism par ticipates in Wallerian degeneration and whether the signaling events occur broadly in other CNS neurons is unclear. On the other hand, the proximaltodistal direction of degeneration from acute nerve transection may be accounted for by the sur vival factor hypothesis, as depletion of the survival factor would occur at the proximal tip of the distal stump first if anterograde transport continues in the axon (Lubińska, 1982) . kinase family, as well as use of a chemical inhibitor of JNK kinase, a target of DLK, all result in axon protection up to 48 h after axotomy (Miller et al., 2009 ). Moreover, both genetic knockdown by shRNA and chemical inhibition of GSK3 or IKKB were also sufficient to delay axon degeneration by 24 h in vitro after the same injury to neurites (Gerdts et al., 2011) . In all these events, the axonal protection occurs only when the kinase activity is inhibited between time of axotomy and up to 3 h after injury (Miller et al., 2009) , suggesting that these mole cules may function as early sensors of axonal injury. Yet it is unclear how injury leads to activation of these kinases, and whether increased kinase activity is sufficient to induce sponta neous axon degeneration or abolish WldSmediated axon pro tection. Moreover, the extent of axon protection from inhibiting these molecules alone remains considerably weaker than that from WldS expression or Ca 2+ chelation, indicating that activa tion of these molecules may be one of several parallel injury response events rather than the principal trigger of axon de generation. In another study supporting the presence of an axo nal selfdestruction signal, Nikolaev et al. (2009) observed that trophic starvation of neurons leads to cleavage and secretion of APP, a precursor of amyloid protein and a marker of axonal damage (Coleman, 2005) . The secreted APP binds to the TNF family receptor DR6 as an autocrine signal to trigger a BAX dependent, caspase6-mediated breakdown of axonal cytoskel eton (Nikolaev et al., 2009 ). However, blocking the release of APP or chemically inhibiting caspase6 fails to delay axon de generation after axotomy (Vohra et al., 2010) , suggesting that trophic starvation triggers a distinct axonal selfdestruction pro gram from that caused by traumatic injuries.
At the same time, there is also evidence suggesting that a constitutively transported or expressed factor normally sup ports axonal survival, and its absence or degradation after in jury triggers axon degeneration. Recently, Gilley and Coleman (2010) observed that focal inhibition of protein translation in the cell body, but not in the axon, results in spontaneous axon degeneration of uninjured neurites. This suggests that synthe sis of a protein factor in the soma and its delivery to the axon, rather than local axonal translation, maintains axon viability. Remarkably, the group identifies Nmnat2, a primarily ER and Golgilocalized protein that catalyzes the ratelimiting step of NAD+ synthesis (Berger et al., 2005) , as one of the factors re quired for the survival of wildtype axons. In the CNS, Nmnat2 is a highly neuronalspecific protein (Cahoy et al., 2008) . It is expressed in the axons and its expression quickly decreases within 4 h after axotomy or after blockade of axonal transport . This turnover time for the pro tein correlates with the latent period between axon injury and the initial appearance of axonal blebbing (Beirowski et al., 2004) . Moreover, depletion of Nmnat2, but not other iso forms of Nmnat enzyme using siRNA specifically induces degeneration in uninjured axons, while overexpression of Nmnat2 delays the degeneration of wildtype axons from axotomy for up to 48 h Yan et al., 2010) . These exciting findings indicate that Nmnat2 is con tinuously required to promote endogenous axon survival, and that decreased level of the protein-caused by impaired axonal extranuclear WldS protein as the critical component for axon protection (Coleman and Freeman, 2010) . Indeed, WldS protein has recently been detected in the axoplasm and in axonal organ elles including the mitochondria and phagosomes Yahata et al., 2009) . Moreover, misexpression of Nmnat1 alone outside of the nucleus by deleting its nuclear lo calizing sequence Sasaki et al., 2009) , virally transducing Nmnat1 in injured axons , and fusing it to the Nterminal sequence of APP protein to increase expression in axonal compartments (Babetto et al., 2010) all lead to robust axon protection compa rable to that of WldS neurons. Thus, extranuclear WldS expres sion, most likely due to protein interaction between WldS and the cytoplasmic VCP protein (Laser et al., 2006) , results in suf ficient ectopic Nmnat activity to confer axon protection. Although one cannot rule out the additional contribution of gene changes caused by WldS expression (Gillingwater et al., 2006b ) toward the protective phenotype, current data suggest that the likely basis of WldSmediated axon protection is through mistarget ing of the normally nuclear Nmnat1 protein and its enzymatic activity to extranuclear, possibly axonal compartments.
How does the WldS protein mediate axon protection, and where does this activity intersect with the normal degenerative process? Interestingly, both WldS and Nmnat2 share the same enzymatic domain for NAD+ synthesis (Sorci et al., 2007) that is required for axon protection (Jia et al., 2007; Yan et al., 2010) . And as endogenous Nmnat2 activity is essential for axonal survival, it is suggested that the WldS protein protects axons by augmenting or substituting for Nmnat2 to maintain sufficient levels of Nmnat enzyme activity in the distal axons after injury . Consistent with this hypothesis, in vivo tracing of GFPtagged WldS protein in un injured nerves shows that WldS is normally present in axonal regions where Nmnat2 is also expressed. Moreover, Nmnat2 is found to rapidly degrade, even in WldS nerves, within 4 h after nerve injury, whereas the WldS protein remains stable in the distal axon . These reports strongly argue that a molecular mechanism by which the WldS protein confers axon protection is by sustaining key levels of Nmnat activity in the axon that would normally diminish from decreas ing Nmnat2 expression after injury (Fig. 3) .
Moreover, as additional Nmnat isoforms exist in different subcellular regions, WldS protein may also promote axonal sur vival by augmenting the activity of other Nmnat enzymes. Con sistent with this, overexpression of Nmnat3, a mitochondrial Nmnat isoform (Berger et al., 2005) , results in robust axon pro tection from traumatic injuries comparable to that of WldS expression in both mammalian and Drosophila models (Avery et al., 2009; Sasaki et al., 2009; Yahata et al., 2009 ). Although Nmnat3 is not required for normal maintenance of axonal sur vival , its overexpression results in significantly stronger axonal protection than from overexpres sion of Nmnat2, though this may be due to the labile nature of Nmnat2 protein . As the WldS pro tein is also identified in the mitochondria (Yahata et al., 2009) , it raises the notion that WldS expression increases Nmnat activ ity at multiple intracellular sites to delay axonal degeneration.
The segment closest to the cut site would likely experience the earliest loss of the survival factor, and therefore be the first to undergo degeneration after axotomy.
Delayed axonal degeneration: Molecular mechanisms of WldS axon protection
The discovery of the WldS mouse mutant, which robustly pro tects both CNS and PNS nerves from physical injury, chemo toxic insult, and neurodegenerative conditions (Lunn et al., 1989; Perry et al., 1991; Wang et al., 2001; Ferri et al., 2003; Howell et al., 2007) changed our understanding of the nature of axon degeneration in injury and disease. In contrast to complete fragmentation of wildtype axons within 48 h after axotomy, the transected WldS axons remain structurally intact and electrically excitable for weeks in vivo and up to a week in culture (Lunn et al., 1989; Ludwin and Bisby, 1992; Wang et al., 2005) . Transgenic expression of the WldS protein also leads to axon protection in many species, including rats and Drosophila (Hoopfer et al., 2006; MacDonald et al., 2006) . This protection, which is dose depen dent (Mack et al., 2001) , also extends to the synapses as WldS expression preserves synaptic integrity and function in the peripheral neuromuscular junction after axotomy (Wang et al., 2001; Adalbert et al., 2005) as well as in the CNS striatum after cortical lesions (Gillingwater et al., 2006a; Wright et al., 2010) . Continued axon protection after grafting WldS nerves to wild type hosts shows that WldSmediated protection is intrinsic to the axon (Glass et al., 1993) , and the mechanism is distinct from simply inhibiting the classical apoptotic pathways that govern cell body degeneration (Deckwerth and Johnson, 1994; Sagot et al., 1995; Finn et al., 2000) . Thus, determining the molecular components of the degeneration pathway that WldS is interfering with is critical to understanding how axons are normally lost after injury.
The WldS mutation results in the formation of a chimeric gene product consisting of the first 70 amino acids of a ubiqui tination factor (Ube4b) and the full sequence of a NAD+ syn thetic enzyme (Nmnat1; Mack et al., 2001) . The Nterminal 70 amino acids of Ube4b within WldS contain no enzymatic activ ity, though it contains a binding site for VCP (Laser et al., 2006) , a cytoplasmic protein with diverse cellular functions (Wang et al., 2004) . This VCP binding domain, along with the enzy matic activity of Nmnat1, are both required for WldSmediated axon protection (Avery et al., 2009; Conforti et al., 2009) . How ever, overexpression of mutant Nmnat that lacks the enzymatic domain in Drosophila still protects photoreceptor cells from SCA1-induced degeneration (Zhai et al., 2006) . This nonenzy matic protection by Nmnat has been shown to be a consequence of chaperone functions of the protein (Zhai et al., 2008) and suggests that, at least in nonmammalian species, Nmnat is able to confer neuroprotection independent of its enzymatic properties. However, whether this phenotype is axonal specific or an indirect result of broader protection of the cell bodies re mains unclear.
Although the WldS protein is predominantly localized in the nucleus due to endogenous nuclear localization of Nmnat1, emerging evidence instead points to the trace amount of the precursor to NAD+, does not abate WldS axon protection in vitro. Although inhibiting NAMPT activity partially abolishes WldS protection in vivo , whether this is due to toxicity from prolonged drug exposure cannot be ruled out. Conversely, increasing overall NAD+ levels in the neuron by blocking PARP and CD38, both NAD+ consuming enzymes, also fails to protect wildtype axons after injury .
A possible explanation for this paradoxical lack of axon protection when cytoplasmic NAD+ levels are raised is that axonal survival requires high NAD+ levels within specific re gions or organelles in the axon. Indeed, both Nmnat2 and Nmnat3 are primarily restricted to neuronal ER/Golgi and mitochondrial compartments, respectively (Berger et al., 2005) , suggesting that these intraaxonal compartments and membranous organelles may regulate NAD+ concentrations independently from the cyto plasmic NAD+ pool. The presumed effect of a local increase in NAD+ at these intracellular sites in the axon is unclear, though ATP levels drop precipitously after nerve injury, and exogenous Assessing whether expression of WldS continues to protect axons in Nmnat2 or Nmnat3 knockouts will help reveal the critical site of Nmnat activity for conferring axonal protection.
Yet, precisely how increased Nmnat enzymatic activity in WldS, Nmnat2, or Nmnat3 protects the axons remains a mys tery. As all three proteins contain the highly conserved catalytic domain for the synthesis of NAD+ (Berger et al., 2005) , the common metabolite of Nmnat enzyme activities, NAD+ has emerged as an attractive molecular mediator of WldS axon pro tection. Indeed, exogenous NAD+ is sufficient to protect axons in vitro (Wang et al., 2005; Sasaki et al., 2009 ). However, this axon protection is only observed at extracellular concentrations above 1 mM, which far exceeds physiological levels, although this may be due to saturation or limited uptake of extracellular NAD+ by putative NAD+ channels on the surface membrane (Alano et al., 2010) . Surprisingly, no appreciable difference in NAD+ levels is detected between WldS and wildtype neurons (Mack et al., 2001) , and globally reducing neuronal NAD+ levels by chemically inhibiting NAMPT, an enzyme that synthesizes Figure 3 . A molecular model of WldS-mediated axon protection. The WldS fusion protein, consisting of the full-length Nmnat1 and the first 70 amino acids of Ube4b, is predominantly localized in the nucleus; however, it is also expressed in axonal cytoplasm and organelles such as mitochondria (broken arrows denote known neuronal sites of WldS expression) likely due to interaction with the cytoplasmic VCP protein. Expression of either WldS or extranuclear forms of Nmnat1 is sufficient to protect axons from degeneration upon injury, and this may result from substituting for the activity of Nmnat2 protein, which is degraded quickly after nerve injury. The WldS protein may also augment the enzymatic activity of Nmnat3, a mitochondrial Nmnat isoform, to confer axon protection. The combined result of ectopic Nmnat activities in WldS neurons may be less intracellular Ca 2+ release from axoplasmic reticulum or greater Ca 2+ buffering by the mitochondria via increased NAD+ production in these organelles, leading to overall decrease in intra-axonal Ca 2+ levels (pink arrows denote net direction of Ca 2+ flux).
the physiological latency due to the turnover rate of the survival factor, and the injuryspecific directionality of axon degeneration due to the predicted time course of survival factor loss after dis rupted transport. It also helps explain the mechanism of WldS protection as one of sustaining Nmnat activity, and thus NAD+ levels above critical threshold in axonal compartments (Fig. 3) . The recent identification of the labile molecule Nmnat2, whose endogenous levels in the axon are influenced by proteasomal turnover and whose enzymatic activity is necessary for axon survival, provides exciting experimental support for the survival factor hypothesis. This survival factor model is also useful for guiding future experiments to answer several key unanswered questions. First, is NAD+, the common enzymatic product of Nmnat2, Nmnat3, and WldS proteins, the critical molecule that mediates axon survival? Identifying the putative molecular targets of NAD+ in the axon, as well as determining whether other metabolites are produced by Nmnat through a metabolomics screen, provide complimentary approaches to identify the key molecular events downstream of Nmnat activity responsible for maintaining axon survival. Second, what are the intermediate events between Nmnat activity and phys ical proteolysis of the axon? Although direct gating of intraaxonal Ca 2+ levels by Nmnat or even NAD+ is appealing in its simplic ity, it has yet to be demonstrated experimentally. Finally, do other pathways known to modulate axon degeneration, including several of the "death signals," interact or converge with Nmnat activity? Interestingly, increased Nmnat activity protects against both Walle rian degeneration and axon degradation from trophic withdrawal (Vohra et al., 2010) , suggesting that the final commitment to irre versible axon degeneration may intersect at the levels of Nmnat activity in the axon. Thus, addressing the downstream effectors of WldS/Nmnatmediated axon protection will be instrumental in identifying therapeutic targets to protect the white matter from many insults besides traumatic injuries. With a working molecular model, one may begin to answer these questions and accelerate the process of identifying the full molecular pathways that underlie axon degeneration in injury and disease.
We thank Mariko Howe, Mauricio Vargas, and Tom Clandinin for critical reading of the manuscript. The authors apologize to colleagues whose work was not included due to space restrictions. NAD addition sustains neuronal ATP levels (Wang et al., 2005) . This suggests that rising NAD+ levels may exert axonal protec tion through increased local energy production. However, Press and Milbrandt (2008) recently reported that increasing mito chondrial Nmnat3 activity is sufficient to delay axon degenera tion even from rotenone, a blocker of mitochondrial oxidative phosphorylation. This axonal protection is independent of ATP levels as the rate of ATP loss is similar between Nmnat3 expressing and wildtype axons treated with rotenone (Press and Milbrandt, 2008) . Moreover, neither lowering neuronal ATP lev els by adding deoxyglucose, an inhibitor of glycolytic enzymes, nor raising ATP levels through TTX, which attenuates ATP con sumption by Na/K ATPase, affects axon survival, indicating that maintenance of ATP is unlikely to be the principal mechanism by which increased NAD+ levels promote axon protection. Alterna tively, as both the ER/Golgi and mitochondria are capable of se questering Ca
2+
, an attractive hypothesis is that sufficient NAD+ levels in these organelles may directly regulate Ca 2+ balance in the axon. Indeed, aside from serving as cofactor in oxidative phosphorylation, NAD+ is also capable of modulating ion chan nel opening (Tamsett et al., 2009 ). This indicates the possibility that local increase in Nmnat activity, and therefore increase in NAD+ levels, may lower intraaxonal Ca 2+ concentrations and protect axons by increasing Ca 2+ buffering capacity of mitochon dria or decreasing intracellular release by axoplasmic Ca 2+ stor age sites (Fig. 3) . Further work in analyzing differences in Ca 2+ flow in subcellular axonal compartments between WldS and wildtype neurons, as well as identifying NAD+interacting pro teins that may gate Ca 2+ movement in the axon will be critical in identifying the relationship between Ca 2+ regulation and Nmnat activity in promoting axonal survival.
Concluding remarks
Previous studies have independently established the requirements for axonal Ca 2+ rise, activities by the ubiquitin-proteasome system and intracellular proteases in axonal degradation. However, how each molecular component interacts to orchestrate the initiation and execution of axonal selfdestruction after injury is unclear. A critical insight is gleaned from an early study by Lubińska et al. (1982) , who observed that the latency period before the distal axons degenerate is lengthened when the axonal transection is made closer to the cell body. Lubińska and colleagues reasoned that a survival factor is maintained at a critical level in the axon, and when an injury occurs close to the cell body there is a greater level of the trophic factor remaining in the larger distal stump than when the injury occurs more distally. Building upon Lubińska's initial hypothesis, an appealing unifying model of axon degeneration is that after axonal injury, there is impaired axoplasmic delivery of an axonal survival factor from the soma, which along with continual turnover of the survival factor by the proteasome causes its expres sion to fall below a critical threshold in the axon. This decreased survival factor activity is sensed by the axon, perhaps via decreased local levels of NAD+, to trigger an execution signal or program that increases intraaxonal Ca 2+ levels due to extracellular influx or in tracellular Ca 2+ release, which then initiates Ca 2+ dependent cyto skeletal breakdown (Fig. 2) . Such a trophic delivery model helps explain many features of Wallerian axon degeneration, including
